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1Abstract
The protein-protein interactions of cytochrome and mammalian
cytochrome P-450 have been the subject of many thermodynamic and kinetic
studies in recent years. Due to the homology of tie mammalian isozymes of
cytochrome P-450 and cytochrome P-450cam isolated from Pseudomonas putlda.
similar Interactions might be expected between cytochrome b^ and the bacterial
cytochrome. Complex formation between cytochrome b^ and cytochrome P-450carn
was observed spectrally to determine if the characteristic Type I shift
occurred as an indication of binding. The role of cytochrome b^ as an
effector in the autooxidation of oxyferrous cytochrome P-450 was alsocam
studied. The exact nature of cytochrome b^ and cytochrome P-450 interactions 
is still unknown. They may bind to each other directly to form an electron 
transfer omplex or cytochrome b^ may only act indirectly as an effector to 
increase the affinity of cytochrome P-450 for its reductase and substrates. 
Models were constructed of the two proteins to determine possible binding 
sites for charge-charge and hydrophobic interactions.
2INTRODUCTION
Cytochrome
Some of the moat important biological reactions are performed by the 
electron transport systems functioning in liver microsomes. The two major 
electron transfer systems are the NADPH- and NADH-dependent pathways. Both 
these pathways involve the reduction of a terminal oxidase by the pyridine 
nucleotide via various electron transport chain enzymes. Cytochrome b^ is one 
such electron transport chain protein in hepatic microsomes. It is ubiquitous 
in mammalian hepatic microsomes and has been Isolated from liver mitochondria 
(Raw and Mahler, 1959) and non-hepatic tissues (Ozols, 1974). Since the early 
1960's, it has been studied as a required component for NADPH-dependent 
desaturation of fatty acids. Cytochrome b^ has also been found to participate 
in NADH-dependent pathways. For this reason, cytochrome b^ is of interest as 
a possible link between the NADH and NADPH electron transfer systems in liver 
microsomes.
The amino acid sequence (Mathews et al., 1972) has been determined for 
cytochrome b^ (Fig. 1). It is a single polypeptide chain, molecular weight 
16,000, of approximately 135 residues. Each molecule contains one molecule of 
iron protoporphyrin IX • This is a b type heme, llganded at positions 5 and 6 
by histidine residues 39 and 63. The heme is located in a hydrophobic crevice 
created by two helices and a d-pleated sheet segment (Mathews et al., 1971). 
The residues on the helices near the heme are predominantly negatively 
charged. These residues Interact with the porphyrin ring of the heme, but an 
edge of the heme group remains exposed for electron transfer. An important 
feature of the protein is the carboxyl terminal segment. This sequence of 43 
amino acids is mostly nonpolar and very hydrophobic. The hydrophobic tail can 
interact with the nonpolar regions of phospholipid molecules and is normally 
embedded in the microsomal membrane. With the carboxyl tall attached to the 
membrane, the globular hydrophilic remainder of the protein extends into the 
cytoplasm where it participates in electron transfer reactions. The soluble 
portion of the protein can be cleaved from the membrane bound segment by 
treatment with trypsin. The structure of the tryptic peptide has been 
determined (Mathews et al., 1971) from X-ray crystallographic analysis, as
3shown in Fig. 2. The variable structures of residues 1-2 and 87-93 are not 
shown in the stereo drawing. Because it has not been successfully 
crystallised, the hydrophobic carboxyl tail has not been assigned a structure. 
Removal of the hydrophobic tail region does not affect the spectral properties 
of cytochrome b^; however, as will be described later, it does change the 
binding and metabolic properties of the protein.
Cytochrome b^ is normally isolated from beef or rabbit 
liver (Strittmatter et al., 1978), but it can be obtained from any mammalian 
liver. The procedure involves solubilization of the protein from the 
microsomal membrane by rigorous treatment with detergent. Because it is 
extremely labile in solubilized form, the protein must be carefully protected 
from proteases during purification. However, purified cytochrome b^ is 
thermally stable. The nonpolar carboxyl tail of each protein molecule tends 
to Interact with other tails in solution to form aggregates of cytochrome b^. 
In the absence of detergent, at neutral or basic pH, the formation of 
aggregates is common, with octamers being most favored.
Cytochrome b^ is reduced by NADH in microsomal reactions. It readily 
accepts electrons from cytochrome b^ reductase, a NAOH-dependent flavoprotein. 
This electron transfer is thought to occur through interaction of a nonpolar 
region of the reductase at a small hydrophobic groove on cytochrome b^
(Mathews et al., 1971). The major pathway in liver microsomes in which 
cytochrome b^ participates is the acyl CoA desaturase pathway (Schenkman et 
al., 1976). Cytochrome b^ accepts electrons from either NADPH or NADH through 
flavoprotein intermediates. The electrons are then transferred to a terminal 
oxidase which desaturates stearyl CoA to oleyl CoA. Although cytochrome b^ 
can be reduced by either NADPH or NADH in this pathway, NADPH and NADPH- 
cytochrome c reductase (Fp^) cannot reduce cytochrome b^ as well as NADH and 
Fpp (Oshino et al., 1971). Also, although cytochrome b^ can accept electrons 
from both NADH and NADPH, it is not a required component of all the microsomal 
reactions involving these two electron transfer pathways. The stearyl CoA 
desaturase system requires NADPH or NADH, dioxygen, and lipid as well as 
cytochrome b^. The trypsin cleavage product of cytochrome b^ does not 
function in this pathway. Therefore, the hydrophobic carboxyl tall of *ha 
protein is necessary for this metabolic activity.
4Cytochrome P-450
In the liver, cytochrome b,. is involved in other metabolic and 
biosynthetic pathways. However, the reactions of primary interest in this 
study are the mixed function oxidations involving cytochrome P-450.
Ubiquitous in nature, the cytochromes P-450 are hemoproteins which metabolize 
many compounds. In mammalian liver, many oxidations involve P-450 as the 
terminal oxidase. Cytochrome P-450 is important in hydroxylations, 
epoxidations, and oxidative cleavages and many other reactions Including drug 
detoxification, side chain cleavage of cholesterol, and metabolism of 
xenobiotLcs. NADPH or NADH is present as a source of reducing equivalents in 
all of these reactions.
Mammalian and bacterial isozymes of P-450 have been amino acid sequenced
(Haniu et al., 1982)(Fig. 3). The sequences of the isozymes are extremely
well conserved. Cytochrome P-450 consists of 412 amino acid residues withcam
a molecular weight of approximately 47,000 (Haniu et al., 1982). The protein
is acidic due to a slight excess of negatively charged residues, and
hydrophobic residues make up approximately 40% of the molecule. Cytochrome P-
450 contains a single b type heme, liganded at position 5 to a cysteine
residue. Dioxygen and carbon monoxide complexes of P-450 form when either
molecule binds to the free sixth position of the heme group. The
characteristic 450 nm peak for which the protein is named is produced by CO
binding to the reduced cytochrome. Recently, the structure of cytochrome P-
450 has been determined from X-ray crystallography studies. The protein 
cdm
has a complex globular structure consisting predominantly of a-helices (Figs.
4,5). The heme group is surrounded by the hydrophobic interior of the
protein, although it is somewhat exposed to the external environment on the
"back” side of the molecule. The structure includes 8 cysteine residues which
have been found to be important for the metabolic activity of P-450. Cysteine
357 is the axial ligand for the heme group. The active site of P-450 contains
several important residues—  Valine 295, Tyrosine 96, and Phenylalanine 87,
which participate in binding of substrate. Cytochrome P-450 metabolizes a
wide range of substrates. The major common requirement for these compounds is
a hydrophobic nature. This corresponds to the hydrophobic environment of the
active site of cytochrome P-450^a .cam
5Because of P-450fs unique properties, the binding and oxidation states of 
the protein can be determined spectroscopically by changes in the Soret region 
of the spectrum* When substrate is bound, P-450 exhibits a characteristic 
spectral shift of maximum absorbance, called a type I spectral change, from 
417 nm to 391 nm. Therefore, in an optical difference spectrum of substrate 
bound cytochrome P-450, there will he an absorbance maximum at 391 nm and an 
absorbance minimum at 417 nm. The type I shift is produced by a change in the 
high spin character of the cytochrome Induced by substrate binding (Sligar, 
1976), The heme iron can exist in a high spin ( S-5/2 ) electron uncoupled 
state or in a low spin ( S-l/2 ) paired electron state. Ligand binding to the 
protein molecule produces a shift towards the high spin state. Normally, the 
observed spectrum is a mixture of the two spin states (Jefcoate, 1978).
The most commonly studied mammalian isozyme of cytochrome P-450 is LM2 *
which is usually isolated from rabbit liver raicrosoraes. Tlua hepatic form is
preferentially used because it is the predominantly induced P-450 isozyme upon
treatment of the animal with phenobarbital• This enzyme participates in a
mixed function oxidase system in liver microsomes along with NADPH-cytochrome
P-450 reductase and phospholipid. In this oxidative pathway, substrate bound 
3+
ferric (Fe ) cytochrome P-450 accepts an electron from NADPH via NADPH- 
cytochrome P-450 reductase. This reduced intermediate then binds to molecular 
oxygen forming a complex which can either decay or accept another electron 
from a flavoprotein. Addition of a second electron creates an activated 
ferrous (Fe )-oxygen complex which dissociates to form the ferric protein and 
oxygenated product (Guengerich and MacDonald, 1984). Although this is an 
NADPH-dependent pathway, the presence of NADH produces a synergistic effect. 
This suggests that cytochrome b^ is involved in the pathway as an electron 
donor for
Electron Transfer Between Cytochrome b,. and P-450
Cytochrome b^ has been found to stimulate and to inhibit mixed function 
oxidations involving P-450. NADPH-cytochrome P-450 reductase can reduce 
cytochrome b^, as well as P-450. It can also accept electrons directly from 
cytochrome b^ (Bonfils et al., 1981) although at a slower rate than it does 
from NADPH-cytochrome P-450 reductase. It is possible that the synergism
6produced by NADH is due to an enhancement of the second electron transfer rate 
to P-450 by cytochrome b y  Whether cytochrome b^ stimulates or inhibits 
oxidations involving P-450 depends on several factors: the P-450 Isozyme
involved; the type of substrate; the molar ratios of P-450, cytochrome b y  and 
fpt; and the molar ratio of protein to lipid (Bosterling et al., 1982). This 
dependence on lipid concentrations may be due to the structure of cytochrome 
b y  especially its hydrophobic carboxyl tail, and its favorable interactions 
with phospholipid. Studies using the ferrous-dloxygen complex of LMj have 
shown that cytochrome b^ accepts an electron from or donates an electron to 
the complex depending on the redox state of cytochrome b^ (Pompon and Coon, 
1984), The redox potential of (Fe^/Fe^) is approximately -330 mV while 
that of cytochrome b5 is +20 mV; therefore, cytochrome b,. is easily reduced by 
1^2 • A possible explanation for the inhibitory effects of cytochrome b^ on P- 
450 oxidation is that oxidized cytochrome b,. is "draining” electrons from the 
reduced P-450 complexes.
Effector Functions of Cytochrome b^
Cytochrome b ^ s  role in P-450 reactions has also been postulated as that
of an effector molecule. In this model, cytochrome b^ is involved in P-450
oxidations without actually participating in electron transfer. Interactions
between cytochrome b,. and NADPH-cytochrome P-450 reductase or P-450 might
improve the coupling of P-450 to its reductase, thereby increasing the rate of
electron transfer between the two (Bosterling et al,, 1982), It has also been
found that cytochrome b^ greatly increases the affinity of P-450 for certain
substrates (Tamburini and Gibson, 1983), The role of cytochrome b^ as an
effector in the P-450 system has been studied; it is thought to involve thecam
formation of a complex between cytochrome b^ and oxy-ferrous substrate-bound
P-450 (Lipscomb et al., 1976), similar to the complex of P-450 andcam cam
putidaredoxin. In this system, the of cytochrome b,. (the effector 
concentration which produced one-half the maximal yield of 5-exo-0H camphor) 
was found to be 2,6 m M. In the presence of substrate, the oxidation rate of 
oxy-ferrous P-450caffl is increased by cytochrome b^. In order to perform these 
effector functions, cytochrome b^ is thought to bind to P-450 and induce 
changes in its substrate binding orientations. The mechanism of cytochrome 
b^'s involvement in these pathways may also be a combination of electron
7transfer and effector function.
Binding of Cytochrome b<- and
The protein-protein interactions of and cytochrome have been 
fairly well characterized. The two proteins form a 1:1 complex with a of 
275 nM (Tamburini and Gibson, 1983), The binding of cytochrome b^ produces a 
type I spectral shift Ln P~450fs absorbance spectrum. However, the tryptic 
cleavage product of cytochrome b^ did not produce this type I shift.
Therefore, the hydrophobic tail is necessary for binding to The percent
high spin character of is increased when cytochrome b^ binds due to the 
increased affinity of cytochrome b^ for high spin P-450. Cytochrome b,. also 
binds more tightly to substrate-bound than to substrate-free LMg. Under 
saturating conditions, cytochrome b,. binds to *n a complex that could
perform electron transfer and cytochrome b,. acts as an effector in increasing 
affinity of for substrate.
The density of negative charges near the heme group of cytochrome b^ 
suggests that charge-charge interactions are involved in its binding to other 
protein molecules. Chemical modifications of the positively and negatively 
charged residues of cytochrome b,. were made and the effect on binding with 
was observed (Tamburini et al., 1985). Amino group modified cytochrome b^ 
still produced a type I shift upon addition to LHj. Thus, the positive charge 
and side chain structure of the lysine residues are not essential for binding 
to LM^. However, no type I shift indicating binding was seen when cytochrome 
bj. with carboxyl group modification was added to l^. Cytochrome b^'s effect 
on substrate affinity for was also reduced by carboxyl group modification. 
Therefore, the negatively charged carboxyl groups on cytochrome b^ are 
involved in and essential to binding with Modification of the
carboxyl groupo also greatly decreased the rate of electron transfer between 
carbonraonoxyferrous LMj and cytochrome b y
Cytochrome P-450 System
For the last ten years, one of the most commonly studied monooxygenase 
systems has been the cytochrome P-450cafjj system in Pseudomonas putida* This 
P-450 performs the hydroxylation of camphor (2-bornanone). This system is
8very useful because all of its components have been completely isolated and
characterized (Gunsalus and Wagner, 1978), Because pure protein components are
available in good yield from bacteria, cytochrome P-450 has become the
model system for P-450 monooxygenase pathways. The electron transfer chain
and the regulation of electron flow in the P-450 system differ slightlycam
from those in the liver microsomal system. However, the nature of the
reactions and the components of the system are very similar to the mammalian
system. The oxidized substrate-bound cytochrome accepts two electrons
sequentially from putidaredoxin (Pd)(Fig. 6), an iron-sulfide protein.
Putidaredoxin is reduced by putidaredoxin reductase, an FAD-dependent
flavoprotein. Cytochrome P-450 also has a hydrophobic nature similar to
that of the mammalian isozymes. However, it is much more substrate-specific
than the mammalian P-45Qfs. Cytochrome P-450 is isolated from Pseudomonascam * t--. * -
putida grown with camphor as the major carbon source. The purification 
procedure involves separation on ion-exchange and gel filtration columns 
according to the procedure of Gunsalus and Wagner (1978).
Interactions Between Cytochrome b- and P-450
Because P-45Qcam is extremely similar to the mammalian isozymes of P-450,
it could also be expected to participate in binding and electron transfer with
cytochrome b,.. Although the inherent differences between a soluble bacterial
enzyme and a mammalian membrane-bound protein may create problems, the studies
of Lipscomb and Sligar (1976) have already linked cytochrome b^ as an effector
in P-450 hydroxy1stions. In this work, the binding of cytochrome be and P-cam o
450 was observed in order to determine if a type I shift occurred similar cam iV
to that produced by the binding of cytochrome b^ and Finally, possible
binding sites for cytochrome b^ on P-450 were examined through the use of 
three-dimensional wire models of the two proteins. The models represent the 
carbon backbone of the molecules based on X-ray crystal structure data. 
Experimental
Spectral Measurements
All absorption spectra were measured on a Hewlett-Packard (H-P) 8450A 
UV/VIS Spectrophotometer interfaced with a temperature controller, H-P model 
89100A, and a plotter, H-P model 72258.
9
Cytochrome P-450 3 cam
Cytochrome P-450__  was isolated from Pseudomonas putida strain PdG786cam — —. . . . ” _ —
grown with camphor as the major carbon source and purified by the procedure of
Gunsalus and Wagner (1978). The purity of the protein, measured as the ratio
of the absorbance at 391 nm to the absorbance at 280 nm, was 1.38. The P-420
content of the pool was less than 18% as determined by CO-difference spectra.
P-450 was stored in 50 mM potassium phosphate, pH 7.0, 100 /mM D-(+) camphor
in liquid nitrogen. P-450 concentrations were determined from absorbancecam « «
values at 416 nm using an extinction coefficient of 115 mM"1 cm" . Cytochrome 
P-450cam used in this study was prepared by David Jollie, University of 
Illinois at Urbana-Champaign.
Preparation of Substrate-free P-450 r cam
Substrate-free cytochrome P-450 (m°) was prepared by gel filtration ofcam
camphor-saturated P-450 on a Bio-gcl P-4 column equilibrated with 50 mM 
Tris-Cl, pH 7.4. The m°, which eluted as a single band, was dialyzed against 
50 mM potassium phosphate buffer, pH 7,5, and stored in liquid nitrogen.
Cytochrome b,.
Cytochrome b^ was kindly provided by R.E, White and M.B. McCarthy of the 
University of Connecticut Health Center. The protein was isolated from rabbit 
liver raicrosoraes in November 1983 according to the procedure of Strittraatter 
et al. (1978). The final cytochrome b^ pool had a concentration of 79 m M in 20 
mM Tris-Acetate buffer, pH 8.1, containing 200 jiM EDTA. The specific content 
of the final pool was 32 nmol cytochrome b^ per mg protein. The purity of the 
protein, determined by an °Ptica  ^ ratio» was 1*76 and homogeneity
was demonstrated by a single band corresponding to that of a cytochrome b^ 
standard on a 12,5 % SDS-PAGE gel.
Effect of Tris-Acetate Buffer on m° Spin State
Tris-Acetate buffer used was 20 mM Tris-Acetate, pH 8.1, 200 m M EDTA.
5.0 piM m°, in 50 mM potassium phosphate, pH 7.5, was titrated with 50^1 
aliquots of Tris-Acetate buffer. Trls- Acetate buffer was simultaneously 
added to the reference cuvette. Absorbance measurements at 391 nm and 416 nm
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were taken with each addition. For each addition, A A  ( A ^ - A ^ j )  an<* t i^e new 
m° concentration were calculated. Using equation 1,
(A/[m°]) » jeHS(39l)lHS] + ‘l s(391)(1"^HS^  j '
*LS(A17)(l-[HS])-<HS(417)[HS]
( 1)
where *HS(391) 105.3 mM^cnf1, <
47.9 mM- c^ra_1, - 60.1
mM~*cra"**, and*
LS(391)
119,7 mM”*cnT*, the percent high spin cytochrome P-450
HS(417)
was determined to remain constant throughout the titration.
Effect of Detergent on ra° Spin State
Substrate-free P-450canj (3.0 m M), in 50 mM potassium phosphate, pH 7,5, 
was titrated with 0,5% solutions of Tergitol, Triton X-100, and sodium 
deoxycholate in separate assays. The detergent solutions were added in 50 m 1 
aliquots to the sample and reference cuvettes. Using equation 1, the percent 
high spin character of ra° is not affected by detergent (up to 300 jil)«
Cytochrome bc and P-450 Binding Studies 
j cam
Buffer used in binding studies was 50 mM potassium phosphate, pH 7,5, 
Protein solutions were 79 cytochrome b^ and 5,0 m°. Titration of m°
with cytochrome b^ was performed in tandem cuvettes (1 mL/corapartraent) to 
compensate for the Soret region absorbance of cytochrome b y  m° (750 **1) was 
placed in one partition of each cuvette and equal volumes of buffer were 
placed in the other partitions of each. During the titration, cytochrome b^ 
was added to the ra° chamber of the sample cell and to the buffer chamber of 
the reference cell. An equal volume of buffer was added to each of the other 
chambers. The absorbance at 391 nm and 416 nm was measured for each addition 
of cytochrome b y  No change in the absorbance values was observed. The final 
concentration of cytochrome b^ in the cuvettes was 16,6 jiM.
An identical titration was performed with 50% saturating camphor present 
in the m° chambers. No change in the absorbance spectrum was observed upon 
titration to a final concentration of 9,3 jiM cytochrome b y
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Autooxidation Studies
Buffer used was 100 mM potassium phosphate, pH 7.0, 10 raM EDTA (free 
acid). Stock concentrations of proflavin and safranine T were 400 and 114 
piM, respectively, m concentrations were 5.0 and camphor was added to 99.9% 
saturating levels (100 jiM). A Thunberg cuvette containing cytochrome P-450, 
camphor, and the reducing dye in phosphate buffer with EDTA was evacuated.
The anaerobic solution was then irradiated with a 250 Watt Universal arc lamp, 
Schoeffel model 1152/1144. The solution was then oxygenated by shaking in 
air, and the reaction was monitored by measurement of the absorbance at 418 nm 
at 4 second intervals. The reaction was followed for at least 15 minutes at 
20°C.
Effect of Reducing Dye Concentration and Photoreduction Time on
Autooxidation. Autooxidation rates for oxyferrous substrate-bound P-450 _* cam
were measured at different concentrations of proflavin and safranine T and 
with different lengths of irradiation time. Reaction conditions for the 
photoreduction time studies were as stated with 0.3 /xM proflavin. Results are 
reported in Table I.
Table I
Variable Assay Parameter k (sec-1)
Photoreduction Time (min)
8 0.00431
13 0.00416
18 0.00420
Proflavin Concentration (jaM)
1.0 0.00389
0.3 0.00416
Safranine T Concentration (jxM)
1.0 0.00512
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Effector Role of Cytochrome in Autooxidation of Oxyferrous Substrate- 
Bound Assay conditions were ns stated previously. Cytochrome b^
(2.6 /aM) was pipetted into the sample and reference cuvettes immediately after 
the reduced solution was oxygenated and the reaction was followed at 418 nm 
for 600 sec at 3 sec-intervals. However, it was not possible to calculate 
rate constants from the data,
Guggenheim Analysis. Rate constants (k) for the autooxidation studies 
were determined using the Guggenheim Analysis for first order reactions, see 
equation 2,
ln(At - A ) » constant + (-k)(t) (2)
A plot of ln(A - A. ) against time yields a slope equal to (-k). ThisL t+ot
method eliminates the need to determine A and selection of a sufficiently 
large fit can compensate for small data fluctuations.
Construction of Protein Models
Models of cytochrome P-450 and cytochrome b^ were constructed from 
cold-rolled steel rod (1/8” diameter) using ”Byron*s Bender”, manufactured by 
the Charles Supper Co. (Natick, MA 01760), This machine uses dihedral and 
bend angles, obtained from the <|> and *p angles of the protein backbone, to bend 
the rod into the three-dimensional globular protein models. Each bend 
represents the a-carbon of an amino acid, cx-Carbon bond distances on the 
models are 20 mm, which corresponds to a scale of 3,8 A per bond.
Charged residues on the protein models are indicated with color. 
Negatively charged residues— aspartate and glutamate— are blue. Positively 
charged residues— lysine and arginine— are yellow. The model of P-450 also 
has 1ts 8 cysteine residues labeled in orange.
Results and Discussion
Interaction of Cytochrome b- and P-450' 5 cam
Interaction of cytochrome be and P-450 was studied by titration of m°
j cam
with cytochrome b y  A type I spin shift, increase in A391 and concomitant 
decrease in A417, would indicate complex formation of the two proteins. To
13
eliminate the possible production of a spin state shift by the difference in 
buffers or by residual detergent In the cytochrome b^ pool, solutions of m° 
were titrated with Tris-Acetate buffer and with several detergent solutions.
In all cases, the percent high spin character of the m 0 was unaffected.
Addition of cytochrome b^ to the ra° solution also did not produce any
spectral changes. The spin state of the P-450 remained constant.cam
Tamburini has also observed that cytochrome b,. and P-450cam do not appear to 
bind, based on spin state observations (personal communication to M.T. Fisher 
and G, Padbury). These data can be interpreted in two ways: 1) P-450caja and
cytochrome b^ do not bind to each other under the reaction conditions, or 2) 
the proteins do form a complex, but a type I spin shift Is not induced.
The reaction conditions used for the binding studies are quite 
dissimilar from conditions under which cytochrome b^ normally functions. The 
system did not contain any lipid, detergent, or hydrophobic substance to 
stabilize the nonpolar regions of the protein. Cytochrome b^ is normally a 
membrane-bound protein and studies have indicated its functionel dependence on 
the presence of lipid (Schenkman et al., 1976; Bosterling et al., 1982). It 
is possible that the conformation of cytochrome b^ changes in aqueous solution 
due to the hydrophobicity of its carboxyl tail. This tail region is necessary 
for binding to a mammalian P-450 isozyme, LM^ (Tamburini and Gibson, 1983),
If, in an aqueous environment, the carboxyl tail is not accessible, binding of 
cytochrome b^ to P-450cam may be prevented. Also, in the absence of 
detergent, cytochrome b^ exists predominantly in aggregate form. The binding 
affinity of these aggregates for P-450cam is likely to be different from that 
of the nonoraer,
Although it is possible that the binding of cytochrome b^ to P-450caffl 
does not produce a type I spin shift, it seems unlikely. It Is one of the 
properties of cytochrome P-450 that substrate or effector molecule binding 
produces changes in the heme iron’s spin state with subsequent spectral 
changes. Therefore, cytochrome b* is not likely to bind to P-450 in the 
formation of an electron transfer complex or an effector-protein complex 
without perturbing the Soret region of P-450cafflfs spectrum.
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Autooxidation Studies
Assay parameters for the oxidation of oxyferrous substrate-bound P-
450 were varied to determine their effect on the rate constant (k). The cam
assay system used (5/iM m°t 100 /xM camphor, 10 mM KDTA, and 0,3 /jlM proflavin) 
was observed to be fully photoreduced, as determined by a maximal 408 nm 
absorbance peak, afterun 8 min irradiation. When the irradiation time was 
increased, the k value was not significantly affected. Changing the proflavln 
concentration, or using safranine T as the reducing dye, also did not affect 
the rate of autooxidation. The autooxidation rate constants determined in 
this study are consistent with those measured by M.T. Fisher in this 
laboratory.
The autooxidation studies in which cytochrome b^ was added as an 
effector molecule were unsuccessful. The concentration of cytochrome b^ used 
for the reaction was three timex the value determined by Lipscomb and 
Sligar (Lipscomb et al., 1976). According to their data, cytochrome b y  in 
the presence of saturating substrate, should increase the autooxidation rate 
of oxyferrous substrate-bound cytochrome P-450cam. Rate constants could not 
be calculated, however, from the data collected in this study because of large 
fluctuations in the A418 measurements.
Possible Binding Sites for Cytochrome b^ on P-450cam
Because the X-ray crystal structures of both cytochrome P-450cam and 
cytochrome b^ are known, it is convenient to use a model system to examine 
theoretically the possible binding sites for the two proteins. The cytochrome 
P-450cam model is shown in Figs. 7-10. The heme group is somewhat burled in a 
hydrophobic crevice, although it is more accessible to the external 
environment on its "back" side. There are eight cysteine residues in the 
structure which have been found to be important in substrate binding. These 
residues are labeled in orange on the model and the axial heme ligand is 
Cysteine 357. Although the charged residues on the model (indicated with 
yellow or blue) appear to be fairly randomly distributed, there is a slight 
predominance of negative charges on the "top" of the molecule. There are many 
areas in the globular structure where "domains" of the protein cross near each 
other. At several of these intersections, there are positively and negatively
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charged residues where the «-carbon backbones are closest to each other, This 
occurs where helix F (see Fig, 5) crosses the raid-point of helix I and between 
residues 47 and 330-331, visible in the middle left of Fig, 7, This suggests 
that charge-charge interactions stabilize the protein structure in areas where 
the a-carbon backbone must bend back on itself. There is also a fairly large 
hydrophobic region of the P-450cam molecules (residues 343-356) which is 
located near the hem group on the "back" face of the molecule.
Substrate b* idinp, to P-450 occurs in the hydrophobic active site of 
the molecule. 1 to of the important residues in this region are Valine 295 and 
Tyrosine 96. T1 >y participate in the hydroxylation of camphor molecules by 
binding them In -he correct orientation in the active site (Fig. 11).
The "front" and "side" views of cytochrome are shown in Figs. 12 and 
13. This model represents the structure of the soluble portion of the protein 
only. The 43 hydrophobic carboxyl tail residues are not included. The 
hydrophobic crevice containing the heme group can be seen clearly in the 
model. The protein has a high density of negative charges on the a-helices 
near the heme (Fig. 12).
The "back" side of the P-450 molecule seems to offer the easiestcam
approach for cytochrome b^ to gain access to the P-450 heme. The hydrophobic 
region near the P-450 heme axial ligand seems to be accessible as a binding 
site for the hydrophobic COOH-tail of cytochrome b y  Positive charges on the 
helix on the "back" face of P-450cam can pair with the negative charges on 
cytochrome b^ as it approaches. It appears that this orientation of the 
proteLn molecules would allow the heme groups to transfer electrons. Also, 
the importance of the interaction of the negatively charged residues on 
cytochrome b^ for binding with the helices on P-450cam corresponds with the 
cytochrome b^ COOH-modification data determined by Tamburini et al. (1985). 
Fig, 14 shows a "side" view of this possible binding orientation for 
cytochrome b K and P-450 . Charge interactions can bo seen in Fig, 14, but
the hydrophobic region on P-450cafn is not visible. Figs. 15 and 16 also show 
this interaction from the "back" sides of the molecules in slightly different 
orientations.
This binding orientation of the two proteins is purely hypothetical. The
16
model, however, does satisfy several important requirements: it places the
heme groups in close proximity; it provides a binding site for the COOH-tail 
of cytochrome which has been shown to be essential for binding to P^SOy^* 
and it places the COOH-moieties on cytochrome b^ in essential charge pairing 
interactions corresponding to their importance in the binding reaction of 
cytochrome b^ and LMj* The binding site of cytochrome b^ on cytochrome P-450 
has not yet been determined experimentally, but this is a useful model of a 
possible binding site.
Further Stuuies of Cytochrome bc and P-450 Interactions
j cam
This work is a preliminary study of interactions between cytochrome b^ 
and cytochrome P-450ca|n. Although it appears at this stage that the two 
proteins do not exhibit binding similar to that seen between cytochrome b^ and 
mammalian P-450 isozymes, it is possible that addition of lipid to the 
reaction system would stimulate complex formation. Further experiments on 
the role of cytochrome b^ as an effector in electron transfer reactions of P- 
450 are needed to characterize the interactions of the two proteins. A 
great deal remains to be learned, and an understanding of the functions of 
cytochrome b,. in the cytochrome P-450cam system may lead to a better 
explanation of its role in mammalian systems.
17
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Figure 1. Amino acid sequence of soluble portion of cytochrome b5 from six 
species. Numbering system refers to calf cytochrome b y  Reprinted 
from Mathews et al•f 1972*
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FIGURE 1
Figure . Upper— Stereo drawing of «-carbon chain of cytochrome t>5 (Mathews 
et al.,1972)•
Lower— Molecular structure of cytochrome
FIGURE 2
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Figure 3. Reconstruction of amino acid sequences of p-450cam* PePtides are 
numbered from NHj-terminal end. T-, C-, CB-, and AC- stand for 
tryptic, clostripain, cyanogen bromide, and mild acid cleavage 
peptides, respectively. Lower figure indicates correction of 
sequence with the addition of two amino acid residues, from Haniu et 
al.,1982.
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FIGUKE 3
Figure 4. Stereo drawing of a-carbon structure of cytochrome P-450^ .
Lower drawing includes numbers Indicating 7 cysteine residues, heme 
group is liganded to the eighth cysteine residue.
1FIGURE 4
Figure 5. Cartoon drawing of cytochrome P-*30caia indicating region* of o-
heU* and phiheet* Number* refer to residues involved in herll* and
pleated aheat aegmenta*
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Figure 6. Monooxygena.se reaction cycle involving cytochrome p-4^°carn
(cytochrome in).
Abbreviations:
m°— oxidized (ferric) cytochrome m
mos— oxidized substrate bound
mrs— reduced (ferrous) substrate-bound
mrs-09
1— reduced (ferrous) substrate-bound oxygen 
adduct
Pd°t Pdr— oxidized and reduced forms of 
putidaredoxin
CYTOCHROME m —  PUTIDAREDOXIN CATALYZEO HYDRQXYLATION
FIGURE 6
Figure 7. "Front-" view of cytochrome P-4*>0cam, corresponds to angle of stereo 
drawing in Figure 4.
Color Scheme:
Blue— negative charges: Asp and Glu
Yellow— positive charges: Lys and Arg
Orange— cysteine residues (8)
Green— Vai ine 295 
Purple— Tyrosine %
Red— heme group
• V
*
Figure 8. "Side" view of cytochrome P-4 5 0 ^ .  NHj-terminal segment (ending 
at residue 10) is visible at right side of photograph.

Figure 9 . "Too” view of P-430 . hH0-terminus is in lower left corner.r cam i
Orientation of Tyrosine 98 (purple) to heme group is also visible.

Figure 10. "Back" view of P-450cam heise 8r°“P is relatively exposed on this 
plane. Cysteine 357, the axial ligand for the heme group is 
visible in this view. COOH-terminal is visible at lower left of 
molecule.

Figure 11 "Front view of P~450cam with a camphor molecule (white) positioned 
in the active site. Valine 295 (green) interacts with the 
methylene groups while Tyrosine 96 (purple) hydrogen bonds to the 
keto group. The camphor molecule is hydroxylated at the 5-exo 
position, which is the carbon closest to the heme group.

Figure 12. "Front" view of cytochrome b,., corresponds to plane of stereo
drawing in Figure 2. N^-terrainus (ending with residue 3) is in 
lower left corner; COOH-terminal is just above to the right. 
Color Scheme:
Blue— negative charges: Asp and GLu 
Yellow— positive charges: Lys and Asp
Red— heme group

Figure 13. "Side” view of cytochrome b^. N^-terminal is center bottom.

Figure 14. "Side" views of cytochrome b^ and P-450ca(||. Cytochrome is 
approaching from the "back” side of the P-450 molecule.

Figure 15. Interaction of cytochrome bj and P-450raw
viewed from "back" of moleculea. Heme group of cytochrome b5
appears in front of P-450 * a heme. Hydrophobic region of P-
450 is visible just to the right of the heme group.
cam

Figure 16. Interaction of cytochrome with "back” of P-450 molecule in 
different orientation.

